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M ETHODS OF FABRICATING CHEMICAL SENSORS 
Background to the Invention 

This invention relates to methods of fabricating 
chemical sensors, in particular electrochemical sensors 
5 incorporating printed electrodes for use in amperometric, 
potentiometric or vol tamme trie techniques. 

Flat -bed screen printing methods have been the most 
widely, used mass printing technique for the production of 
electrodes and chemical sensors used in both academic 

10 research x * 6 and industry 7 ' 10 . The process usually entails 
the application of specialised high viscosity conductive ink 
formulations which are printed by way of defined screens 
onto polymer support sheets. Both single or multiple 
stepwise print-and-dry sequences are often necessary to 

15 complete the manufacturing process. By such methods 
analytical electrodes and chemical sensors for various 
analytes such as enzyme substrates and heavy metals have 
been designed 7 ' 8 . Unfortunately, owing to several production 
factors, screen print methods for chemical sensor devices 

20 seem destined to remain a labour intensive and batch 
fabrication technology. 

EP-A-685735 describes arranging indicator electrodes 
for a voltammetry device on a flexible tape, wound at one 
end onto a feed reel and connected at its other end to a 

25 take-up reel. Between the reels, the carrier tape runs 
through a vessel containing liquid to be analysed. The 
conductive material of the electrodes is applied to the tape 
by a flat-bed silk screen printing process as described 
above. For such a tape, screen printing is particularly 

3 0 time-consuming and laborious. 

In the printing industry, fast continuous rotogravure 
machines are well established with fully automated quality 
controls. Exceptionally high quality standards and 
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production capacities, fine Una resolution ana registration 
can be achieved by rotogravure printing as s. 91Str " 1OT 

«nd packaging manufacture. Thi s Manlv ' " 3 °" rnil 
4--«i, • • highly automated printing 

i:rtr n ^~rr £ast «"* rat - ° £ h ~ - 

steel ^nj^ ^^J^ ™ ""ting 

" 9 witmn a web supported rwi 

». „«.... _ ..... „. „"„."."„• :: ; 

electron beam and laser etching methods. The cvlindL 
be coated with a thin copper or Pol™.. " y 
into which an engraved strucUe 1 7 th 

15 and gtavure cells, is sat. " SCre «° 



10 



Such high capacity printers can nQw 

Rotogravure presses operate b v 

described, on the printing cylinder to a substrate web which 
- SUrded by an accompanying Session cylinde7 £ 

ZZ , "J oTh S " CS11 " t ~ — " ~ 

«r rr epths *- 5 - 

„ * cej - L and screen variables are 

25 partition width (a) and the e ~ 

tor; and the square length (2) of the eel] 
Parameters such as the screen b^-- " 
a. • , screen partition ratio which 

typically employed are set at 1-3 with . . 
- Unes/cm. The in, is passe, 1~ ™ ° f 

30 rr of the impressi - ---- -tr : 

polymer films' 3 Printing ^ ^ "» «*» ~« 
polymer fil ms , paper or gome ofcher ^ materiai> 

off. " ePPaVU ° ri ^ ^ dS8Cribed the — of gravure 

: iLr::;: VT r - piatinuro and — - ^ 

execcrodes of a piezoelectric oressu^ „ 
3S However, such fl.t-bed offset Printing "s Ul aT^ 
technique, restricted to solid substrates. 
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Summary of the Invention 

It is an object of the invention to provide fast, 
continuous methods of fabricating chemical sensors. 

Accordingly, from a first aspect, the present invention 
5 comprises a method of fabricating an electrochemical sensor, 
in which one or more electrodes are formed on a flexible web 
by rotogravure printing of electrically conductive ink. 

In this specification the term "rotogravure" is used to 
denote any rotary printing process in which ink is applied 
10 from an engraved structure, and includes reverse gravure, 
gravure offset, f lexographic, kiss, meter bar, reverse roll, 
2 roll nip feed, knife-over-roll, 2 roll pressure, hot melt 
gravure and size press processes. 

Preferably, a series of electrodes is printed, but a 
15 continuous conductive layer may also be used to define one 
or more electrodes. The web may comprise a tape of 
polymeric material or paper. The web may have a thickness 
between lO^tm and 300^, preferably between lOjim and 15jtm f 
and may in particular comprise polyethylene terephthalate, 
2 0 polyvinyl chloride, polyamide or cellulose acetate. 

The electrically conductive ink preferably contains 
particles of carbon but may alternatively or additionally 
contain metallic particles, for example of silver. 
Preferably, the ink contains an organic polymer binder, 
25 such as nitrocellulose, polyamide resin or polystyrene 
resin, and a solvent such as isophorone or butyl acetate. 
The viscosity of the ink is preferably less then 100 Pas, 
i.e. significantly less viscous than conductive screen 
printing ink. 



30 



The rotogravure printing preferably takes place using 
a cylinder coated with a covering of copper or of a polymer, 
preferably from 0.5 mm to 3 mm in thickness. Preferably the 
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covering is engraved with a i 

a vcu wicn a cellular structure . 

shape of the electrode,*, to be pri » c / d " de£l " ln9 "» 
the depth of the engraving i. great e r than »*~ t ^~lr. 
depth may be. greater th,, z„ °" m and s * id 

= are obtained at . "llT V" - P " ticul «^ "suite 
^active film It"" ST^T. f ' 
electrode is obtained. """^ *« * 9"- width of 

» comprise -^.^TS^E: "T ^ 

uitra-vioiet emitter. 

In some embodiments of the i nvon H. 
farther f llM or layar6 _ ^ ^ Jne or more 

rotogravure printing or coatinT ^ ""^ " y 

Printing of the electrode » ^ 

IS may comprise insulating lmt . L ly tT l' " ^ 

enzyme reagents, enzyme reacTm.^. rea9e " CS " 
PH control additives.- ion ^ZTJ^" " 

water or organic solvents- and/„, „ ! 7 10ClUde 

based on n-vinylpy'lid ^"gele, which may be 

30 vinyi-alcohoi po^Ir" s ;r h / e T ryla " « 
Protect, control^ enh^^cTa t 0^.' - * 
Printed sensing layer ,., . ^ gels * ^ ^e 

and/or immunochemical ra. * 1 Panted, enzyme 

gel material. .1^ "^/ 1 " 0b » 1 - th. 

» — tes. ^^r^rtrt - cittat,s ' 

^conditions in the gel phase. pr.f.rCto^ B ~ 

in order to print more than one fii m ^ ^ „ 
preferably comprises t-ho * he meth °d 

30 electrode^) bv rl ^ c °^tiv e 

drier and the ™togravure, Passing the web through a 
arier, and then prxnting one or more further fiw 
the web through a further drier after e ? 
Printing operation, it will be an successive 
thus be advanced alternate ' betw " ^ 

3S printing and — 

yxmaers and through driers, in a 
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fast, continuous process. 

, the present invention provides an 
a second ^'^J^ by t ne .ethod defined 
elec trochemical sensor fabr 

above . 

et the present invention provides 

c From a 

third aspe", . rochemical sensor, 

apparatus tor J^evure printing cylinder 

comprising a covering tor ** * electrodes to be 

eugraved so as «o «~ ^ P o£ coppet 
printed. Preferably, t he n9 bas a ceUular 

10 poller and preferably the * ^ eI)gra ,i„g rs 

'structure, "^ald - « " ^ 
greater than 40,0., and 
or greater than 60om. 

„t the present invention provides an 
From a fourth aspect, the p ^ ptin ting of 

„ electrically conduct". ^ caibon . T he in, 

el ectrodes. contains partro ^ a6 

preferably contains an organ P yte „ e resin , and 

nitrocellulose, polyamrd. r«s ^ ^ acetate . 

preferably a solvent " / eiably le ss than 100 Pas, 

20 T he viscosity of the rnX ^ ^ pre£erably £toB ,0 to 
and the conducting partrole 



60% by weight. 



BrieU^^^ 

~ ™ a v be more readily 
a ~r>t invention may oe 
m order that the ^_ by „ a y of example 

« e-rence— wiii- now ^ c 

" accompanying drawings, in 

yfgure 1 shows a conventional rotogravure cell 

structure; 

. 2a ehows an electrode which may be printed 

! 19 " to an lodiment of the invention, 
30 according to an erne 
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Figure 2b shows a serial a r«n 
shown in Figure 2a; a «ange me nt of electrodes as 

Figures 3a, 3h 4» 

fil- Printed accordi^ t0 ^ " 

9 t0 erabod ^ents of the invention; 

Figure 5 is a graph showing resists * 
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a « S ^.Ll\^^^. tl - *~ — use of 
the invention; according to one embodiment of 



Figures 8a, 8b and 8c are vm - 
alternative uses of the 

sensor f p* Stains showing 

ir r ; ~ c r- o£ ~ - 

invention. 9 an -*<>*■— a of th. 

20 con^riv;, r:i; tr ::r to r nsions ' ° ne — « 

eminent of the invention ^ to sn 

-.ctro.es can he pr^"^.^" " ^ »■ ~» 
-1th a separation of only 3 J 7 3 """" 
2= slsotrodes. The elects """" 

— e ly sid e : b :;:: m * » *— 

Figures 3a and 3b show at „ 

magnifications respectively, a f ' ilm of ^ leSS ~ 

7. a fHa of conductive ink which 
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was printed using rotogravure with an, engraved cell depth of 
41/xm. Although the film appeared continuous to the naked 
eye, Figure 3b shows that it was discontinuous at the 
microscopic level . 

5 The thicknesses of the conductive films printed 

according to the invention are smaller, at 2 to 8/xm, than 
screen printed films. This could result in high cross- track 
resistance values which are undesirable for many 
electrochemical sensor applications. For example, using 
10 Electrador 5000 screen print carbon ink, (Electra Polymers 
& Chemical Limited, UK) the dry film cross -track resistance 
was * at least 2 MQ due to the poor gravure print 
characteristics of the ink. Thus, the inks used are 
specially formulated from commercial screen printing ink 
15 formulations by adding solvents such as isophorone and butyl 
acetate. For example, 33% by total weight of isophorone was 
added to Electrador 5000, and the resulting dry film had a 
cross -track resistance of 2 kC2 or less. When the conductive 
particle content of the ink was controlled to be within 20 
20 to 60% and the ink viscosity to be less than 100 Pa.s, the 
dry film resistance was 1 ka or less. 

The depth of the engraved cell also has a critical 
effect on the resulting dry-film resistance value. Using 
solvent modified commercial screen inks, the following 
25 results were obtained. 



Cell depth 


Cross-track resistance 


29jxm 


2 MG 


31/xm 


24 kQ 


33/xm 


2.8 M 


62/xm 


si kfl 



The reason for the favourable low resistances achieved 
at extremely large cell depths can be seen from Figures 4a 



WO 98/43075 

PCT/GB98/00857 



8 



and 4b which show, at a greater anH , 

respective!,, . conduct J e f £ ^ ^ Ration 

m " The discontinuities observed in P ' ° f 

have been eliminated. 1D Fl * u "s 



3a and 3b 



5 ^^ir^sr 1 * o£ ~~ 

" '0-C. It can be seen that £ ^ 4 h ° u " 

.7*. , he re Sieti v ity »L Mr op :r lons of Eiect " d » 

« the in, was too low £or ef y £e 7 t S iv h e 19h ; «» »»»=i«y Of 

prions of E1 . ctrad ::' rr av 7 priat ^- *°* 

resistivity increased but th. ( „v ""^ the 

f ». Between «,, ^ '~ * - 
resistivity of .tout 2 to 3 lo /m E1SCtrad «' * »ili»u» 

« Potion of Eiectr.dor se!e ted 2 T ** "* 

»as therefore 75%. "ohseqnent experiments 

"-n/iriiied^t i;;;:r: y o£ ei — ™ 

different tis.es and at d lff th « =«ed for 

*»*«. tberesisl ^'."T™' **« » 

W- for te„ P .ratJ.s Ive 13 oTT ^ °' *"* 
"inutes. the data was l... However, after 10 

vaiues refined the sale T*** 
, tne sa me. Above iso»r - 

deformation of the nolv^.i- 6ry small 

Polyester support was observed. 

For lower temperatures such as 90°c th. • 

more important since after 5 or 10 mi \ ° " 

-t totally evaporated. It aDD6 S ° lvent " 

occurs at i 30 *c for 10 minutes. " ^ 

-ectrador i nk and of ^ * — sample of 

-rtheTb^srive 0 : ot^rr:; r be 

so-ia xnks to the carbon ink. 
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. fl0 nsor comprising a 

ngul e , — - --rrrt ■ 

poly „eric tape 1 onto « electtode 3 have heen 

.uTer/silver '"""Vr pri^U the reference electrode 
printed. The in. used for pr electIode 2, hut 

5 3 is similar to that used tor patticl es. and 

■ .liver particles instead o _ m or 

contains silver p „, Ttic le addition of . say, 

als o a silver chloride particl 

15% • 

•nrecisely defined by 
The indicate electrode is P^ 
l0 printing an insulting M» « ° ^ , through 

the insulating f 11- ™™ ~ The insu lating film « » 
carhon electrode is -""^ prising a poller of 

o£ the sensor for the 
ngure 7 shows the «e ^ The carhon 

petrochemical oxidation - ^ » „ the sil v.r 

.i.ctrode 2 is suitahly ^ "» "^f 

3 and the current ^antity of 

20 electrode .3 a ^ th e <*u 

electrode is 

airdnophenol • 

7 can of course, be used to 
The sensor shown in ™£ £ ^ 8b sho w the results 
de tect other analytes. ^ carboxy lic acid in - 

25 of a test for presence of £« voltammo gram of a 

" aUous electrolyte ^ure - 

-cfntrol experiment ^showxn ^ potassium cblor.de 

carbon in* fil- > ~ "J£ lal range from -0.4 V to 
exectrolyte CO.ltf. over a pot- * eleCtrode 
n ^ v versus the silver/silver chl ele ctrolyte, 
30 + 1 V, ver respo nse to the ferroce ne 

3 Figure 8b snows , su bstance, » riu 

but containing the wl th sodiu, phosphate 

carboxylic acid (0.5 m»> 



(0.2 M). 
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in 0.15 M nitric acid lead Md "<3»ium diseo^.d 

-«« Mt £iBe was 2 v; s the sensor ° £ «- 

* the voltage „, s stepped u l «""—»* pulse 40 ns and 
intervals. PP " S °° "> "0 «V lo s „ v 

In addition to conductive »„h • 
-tailing anal.tica! reagent ~ 

example. Figure , " »• Prated. Por 

» -Prising . pol „ er sup ; ort r0t ; 9 "-" •««-. sensor 

indicating electrode 2 M0 ^ silver TeT * 
nave been printed. A turth . , refe "nce electrode 3 
cellulose poller. pol^T '\ ' h ™ « * wl of 
— containing glu cos 7 Id " ^^"ylpyrrolidone 

« "agent such as a f. rroc . " eUCttOT «»»*•. 

*» « toe carbon £££ ^ " — — - 

the oxidation of gl„ oose ' tea9Mt £il » « effects 

electrode device. " th ~ be *«~ted by the 

Many other films i 
» — s of the i» v : t " ^J" — >« ^ied to the 
-dude ion conductive gels" ZTT" 

=en contain a wide range of re, Cranes-".. and 

"sands for „etal ion analysis " 

tnic.nees between 10^ Z 30Z. ^ £il » ° f 

end of the this range, for exaT' « the lover 

-re facilitates Je wind^ Tv^TonT T"* ^ 
"els. 3 Vei T lo n9 »ebs or tape onto 

0 Figure 10 shows a continuous reel to , 

»nich electrodes and two furthe^ ^ Process in 
sequentially onto a web 7 The - k *" pri " ted 

»el 5, onto „ hich '/ ™« "* « fed from a pay-off 

"togravure printing " ZT^ ' 

ine first printing 
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cylinder 9 is continuously supplied with conductive carbon 
ink which is scraped from the covering of the cylinder by a 
doctor blade 11 so that ink only remains in the engraved 
structure . 

5 The web 7 is sandwiched between the first printing 

cylinder 9 and a first impression cylinder 12 and conductive 
electrodes are thus printed onto the web. The web then 
passes through a first drier, which may be a conventional 
thermal oven or an infra-red or ultra-violet unit. The 
10 gravure printed conductive film can be rapidly dried, since 
it has a thickness less than Spm. 

Subsequently, the web 7 passes between a second 
printing cylinder 14 and second impression cylinder 15, in 
order to print an additional film such as a reagent layer. 

15 The second layer is dried in a second drier 16. A third 
printing cylinder 17 is used to print a third film such as 
an insulating layer, and this is dried in a third drier 18. 
Finally, the finished web is wound onto a take-up reel 19. 
The web comprises a very large number of identical 

20 electrochemical sensors, and may be used in a continuous 
sensing method such as that described in EP-A-685735. 
Alternatively, the individual sensors may be dissected from 
the web. 

It will be appreciated that the invention, as . described 
2 5 above, provides a fast and continuous method of fabricating 
electrochemical senors . 
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CLAIMS 

1. A method of fabricating an electrochemical sensor, 
in which one or more electrodes are formed on a flexible web 
by rotogravure printing of electrically conductive ink. 

5 2. A method according to claim 1, wherein a series of 

electrodes is printed along the web. 

3. A method according to claim 1, wherein a 
continuous conductive layer is printed to form the or each 
electrode. 

10 4. A method according to claim 1, 2 or 3 wherein the 

web comprises a polymeric material. 

5. A method according to claim 4/ wherein the web 
comprises polyethylene terephthalate, polyvinyl chloride, 
polyamide or cellulose acetate. 

15 6. A method according to any preceding claim, wherein 

the web has a thickness between 10/xm and 3 00^m. 

7. A method according to claim 6, wherein the web has 
a thickness between 10/zm and 15fxm. 

8. A method according to any preceding claim, wherein 
20 the ink contains particles of carbon. 

9. A method according to any preceding claim, wherein 
the ink contains metallic particles. 

10. A method according to any preceding claim, wherein 
the ink contains an organic polymer binder, such as 

25 nitrocellulose, polyamide resin or polystyrene resin. 



11. A method according to any preceding claim, wherein 
the ink contains a solvent such as isophorone or butyl 



WO 98/43075 



PCT/GB98/00857 



- 14 

acetate. 



5 



12. A method according to any preceding claim, wherein 
the rotogravure printing takes place using a cylinder coated 
with a covering, the covering being engraved with a 
structure defining the shape of the electrode (s) to be 
printed. 

13. A method according to claim 12, wherein the depth 
of the engraving is greater than 40/ira. 

14. A method according to claim 13, wherein the depth 
10 of the engraving is greater than 50/im. 

15. A method according to any preceding claim, 
comprising a step of drying the ink after printing of the 
electrode (s) by passing the web through a drier. 

16. A method according to claim 15, wherein after the 
15 drying step, one or more further films or layers are applied 

to the sensor by rotogravure printing or coating or 
lamination. 

17. A method according to claim 16, wherein an 
insulating film is applied. 

20 18. A method according to claim 16 or 17, wherein an 

analytical reagent film is applied. 

19. A method according to claim 16, 17 or 18, wherein 
an ion conductive gel is applied. 

20. A method according to claim 16, 17, 18 or 19, 
25 wherein a hydrogel is applied. 

21. A method according to any one of claims 16 to 20, 
comprising the steps of printing the electrode (s) , passing 
the web through the drier, printing further film or layer, 



WO 98/43075 



PCT/GB98/00857 



- 15 - 

passing the web through a further drier, and optionally 
printing still further films or layers and passing the web 
through further driers. 

22. An electrochemical sensor comprising a flexible 
5 web having one or more electrodes of conductive ink printed 

thereon by rotogravure. 

23. Apparatus for fabricating an electrochemical 
sensor, comprising a metallic or polymeric cover for a 
rotogravure cylinder, engraved with a cellular structure 

10 defining the shape of electrodes to be printed. 

24. Apparatus according to claim 23, wherein the depth 
of the engraving is greater than 40^m. 

25. Apparatus according to claim 24, wherein the depth 
of the engraving is greater than 50/xm. 

15 26. Apparatus according to claim 25, wherein the depth 

of the engraving is greater than 60/im. 

27. An electrically conductive ink for rotogravure 
printing of electrodes, containing particles of carbon. 

28. An ink according to claim 27, containing an 
2 0 organic polymer binder, such as nitrocellulose, polyamide 

resin or polystyrene resin. 

29. An ink according to claim 27 or 28 containing a 
solvent such as isophorone or butyl acetate. 

30. An ink according to claim 27, 28, 29, having a 
25 viscosity less then 100 Pas. 

31. An ink according to claim 27, 28, 29 or 30, having 
a conductive particle content between 20% and 60% by weight. 
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